The purpose of this fi eld trip is to provide an overview of Miocene basin development in the Lake Mead region, demonstrate how basin-fi ll deposits refl ect tectonic activity on a variety of structures, and highlight the work of Ernie Anderson in this region. The Basin and Range province is superb for the study of major normal and strike-slip fault systems that accommodate large-magnitude extension. Within this province, the Lake Mead region provides exceptional exposures of synextensional Miocene basins and faults and is a transition zone between predominantly half-graben-style basins and ranges to the north and the highly extended Colorado River Extensional Corridor to the south. The region also embraces a change from thick Phanerozoic sedimentary rocks in the north to Precambrian crystalline basement rocks overlain by late Tertiary volcanic rocks in the south. The early Paleozoic "Cordilleran hingeline" and the southeast margin of east-directed Mesozoic thrusting are also within this transition zone, but the area contains a strong overprint of late Tertiary tectonism. This overprint is strongest near the intersection between two major strike-slip fault systems: the right-lateral Las Vegas Valley shear zone and the left-lateral Lake Mead fault system. Miocene sedimentary rocks record the onset of major
INTRODUCTION AND OBJECTIVES
Continental extension is a fundamental geologic process that results in crustal thinning and basin development. Large amounts of extension or rifting of the continents can ultimately lead to the development of passive continental margins and ocean basins. Many of the world's largest petroleum deposits accumulate in rift basins or at passive margins. These observations highlight the need to understand fully the geometry, kinematics, and dynamics of extensional processes and the major features of extensional fault systems and related basins. Most young and active rift-passive margin systems are diffi cult to study because a large portion of them has subsided below sea level. The well-exposed Basin and Range province of the western U.S. is a superb natural laboratory for the study of the development of major normal and strike-slip fault systems that accommodate large-magnitude crustal extension. The Lake Mead region, Nevada and Arizona , is part of the Basin and Range province and provides exceptional exposures of synextensional Miocene basins and faults. Within these basins, there are world-class exposures of clastic, carbonate, and evaporite strata that annually attract tens of thousands of tourists and academic and industry scientists.
The purpose of this fi eld trip is to provide participants an overview of Miocene basin development in the Lake Mead region and show how the basin-fi ll deposits refl ect a response to tectonic activity on a wide variety of extensional, strike-slip, and contractional structures. The faults and basins lie within a structurally complex zone formed by the interaction of the right-lateral Las Vegas Valley shear zone and the left-lateral Lake Mead fault system (Fig. 3) . Within this zone, depocenters shifted positions, changed shape, were rotated and/or inverted and are thought to have evolved from broad to restricted in response to strike-slip and normal fault displacements that ranged to tens of kilometers. Syntectonic sedimentation in this area shaped an extraordinarily complex geology that includes ongoing neotectonics with hazards signifi cance.
Over the three days of this trip, we will progress upward through the Miocene stratigraphic section along a west to east transect north of Lake Mead, from the Frenchman Mountain area near Las Vegas to the Overton Arm of Lake Mead . We will examine the evolution of Miocene faults and related basins as we present the history of development of ideas, results of ongoing studies, and needs for future studies to resolve existing problems at each stratigraphic level. In particular, we will focus on two types of studies: (1) critical framework studies that have resulted in much debate about the relation of extensional, strikeslip, and contractional structures within this belt; and (2) ongoing studies that are providing critical new data, such as structural setting of individual basins and age and magnitude of extension and contraction, that can help constrain tectonic reconstructions and critique or expand existing models. We will evaluate the challenge presented to the well-established published stratigraphy by new fi eld and radiometric age data. Also, the existing paradigm that Miocene depocenters evolved from broad basins to smaller subbasins in response to increasing displacements on the major fault systems will be evaluated in the light of recent studies.
The fi nal important objective of this fi eld trip is to highlight the work of Ernie Anderson in contributing to understanding the Lake Mead region in general and specifi cally to the extremely complex area where the Las Vegas Valley shear zone and the Lake Mead fault system interact. We will visit critical outcrops that highlight relationships deemed important by Anderson and discuss how future work might make progress toward resolving some of the controversial issues that have been highlighted in published reports.
GEOLOGIC SETTING
We defi ne the Lake Mead region as extending from the Las Vegas Valley on the west to the Colorado Plateau on the east and from the Virgin River depression (I-15 corridor) on the north to approximately the south shore of Lake Mead on the south (Figs. 1 and 3 ). This region embraces a major gravity step refl ecting a transition from high elevations (ca. 1.5 km) to the north to low elevations (ca. 0.5 km) to the south (Eaton et al., 1978) . This transition zone is situated between an area of predominantly halfgraben-style basins and intervening ranges-classic Basin and Range structure-to the north and the highly extended Colorado River Extensional Corridor to the south. The Lake Mead region is the eastern part of a classic large-magnitude extensional domain reaching from the Colorado Plateau on the east to Death Valley and the eastern edge of the Sierra Nevada on the west (e.g., Wernicke et al., 1988 ; the Central Basin and Range area within Fig. 1A ). This east-west-trending extensional corridor is thought to have undergone 250-300 km of extension in the late Cenozoic from ca. 16 Ma to the present (Wernicke et al., 1988; 
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Mtns. A. B. Wernicke et al. (1988) and Stewart (1998) . (B) Map showing physiographic features, major extensional structures, and structural domains of the eastern portion of the Central Basin and Range. Shaded outlines indicate ranges; white areas indicate basins. Heavy dashed line indicates FrenchmanOverton Corridor and the focus of the fi eld trip. Modifi ed from Axen et al. (1993) , Price (1997) , and Spencer and Reynolds (1989) . Timing constraints from Axen et al. (1990 Axen et al. ( , 1993 ) (Morman Mountain domain), (Lake Mead domain), and Spencer and Reynolds (1989) . Generalized geologic map of the Lake Mead region (modifi ed from Campagna and Aydin, 1994; Duebendorfer and Sharp, 1998; Figure 4 . Generalized geologic map of the Lake Mead 1:100,000 quadrangle, modifi ed from Beard et al. (2006) . Boxes indicate locations of fi eld trip stops for each day. Figure 5 . Cenozoic stratigraphy from the Lake Mead region. See Figure 4 for column locations.
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7 fl d006-18 page 7 of 30 corridor approximately traces the early Paleozoic "Cordilleran hingeline" (or Wasatch line) and the southeast margin of the area affected by east-directed Mesozoic thrusting. The corridor lies at the northern end of the Kingman Uplift, a Laramide-age northeast-facing topographic high. The Frenchman-Overton corridor contains an overprint of late Cenozoic tectonism that is so strong that the true location and geometry of those early boundaries can only be understood by reconstruction. Stratigraphically, the Frenchman-Overton corridor embraces a contact zone between thick Paleozoic, Mesozoic, and Cenozoic sedimentary rocks in the north and Precambrian crystalline basement rocks overlain by late Tertiary volcanic rocks forming the Colorado River Extensional Corridor in the south. As an important part of this contact zone, the corridor also encompasses the area of intersection between two major late Cenozoic strike-slip fault systems: the right-lateral Las Vegas Valley shear zone and the left-lateral Lake Mead fault system (Lake Mead fault system; Fig. 1B ). We refer to the area of intersection as the Callville interaction zone, an area of extremely heterogeneous late Cenozoic deformation. Displacements on the strike-slip fault systems occurred during regional extension and are some of the largest and best constrained in the Basin and Range. One estimate places concurrent extension along the corridor at 60-80 km in a 250°-270° direction between ca. 16 and ca. 10 Ma , while a more recent interpretation is that the Frenchman Mountain block restores to the top of Gold Butte and therefore total extension of Frenchman Mountain was ~70 km to ~260° (Fryxell and Duebendorfer, 2005) . The displacements were accompanied by Miocene and younger basin sedimentation on which this fi eld trip is focused. The basin-fi ll sequences are deformed into structures that are dominated by normal and strike-slip faults, but also locally include common open to isoclinal folds of varied orientations and reverse faults. Although the late Tertiary sedimentary rocks are the main focus of the trip, the journey will provide numerous views into the northern extreme of the southern igneous terrain.
STRATIGRAPHY OF THE FRENCHMAN-OVERTON CORRIDOR
The stratigraphy of the Frenchman-Overton corridor (Fig. 5 ) has been described in detail by Longwell (1928 Longwell ( , 1936 , Longwell et al. (1965) , and Bohannon (1984) . The pre-Cenozoic strata are characterized by the dominantly marine carbonate Paleozoic cratonal rocks of the Grand Canyon region and their lateral miogeoclinal equivalents and the mostly non-marine, siliciclastic Mesozoic sequence. Tertiary strata typically lie in disconformable or in slightly angular unconformable contact with the underlying Paleozoic and Mesozoic units. Buttress unconformities are locally common.
The Tertiary stratigraphy was thoroughly described by Bohannon (1984) and modifi ed by Beard (1996) . Although lithologically similar units have been classifi ed and mapped throughout the area, Beard (1996) has shown that facies changes can occur over relatively short lateral distances, calling into question the lateral continuity and contemporaneity of the Tertiary strata in the Frenchman-Overton corridor. We will make use of the generally accepted late Tertiary stratigraphic nomenclature, but it is one goal of this fi eld trip to highlight some of its shortcomings.
The Horse Spring Formation
The oldest and thickest Tertiary unit is the Horse Spring Formation (ca. 24-12 Ma) (Longwell et al., 1965; Bohannon, 1984; Beard, 1996; Figs. 5 and 6) . It is a heterogeneous package of conglomerates, sandstones, mudstones, limestones, and evaporites (mainly gypsum) and has been subdivided into four members, all of which crop out in the Frenchman-Overton corridor.
The Rainbow Gardens Member
The Rainbow Gardens Member of the Horse Spring Formation crops out throughout the Frenchman-Overton corridor, from its type locality in the Rainbow Gardens Recreation Area southeast of Frenchman Mountain to the Virgin Mountains on the east (Figs. 5-7). Fission-track, K/Ar, and 40 Ar/
39
Ar geochronology brackets the age of the Rainbow Gardens Member between ca. 26.0 and <18.8 Ma in the south Virgin Mountains (Beard, 1996) . Bohannon (1984) reported that few dates were available for the Rainbow Gardens Member but placed its younger age at ca. 17.2 Ma based on a date from the base of the Thumb Member. This particular sample was reanalyzed and found to be 15.6 Ma, so the exact upper limit of the Rainbow Gardens Member is not well-constrained throughout the corridor. The vertical succession of the Rainbow Gardens Member is similar throughout its outcrop belt and consists of (1) a basal, clast-supported conglomerate with a dominantly carbonate clast composition, suggesting that it was sourced by the Paleozoic miogeoclinal sequence; (2) a fl aggy-weathering, reddened, mudstone and sandstone sequence with planar laminated and cross-stratifi ed sandstone beds; and (3) a resistant limestone and dolomite unit that principally is comprised of massive beds at its base and somewhat thinner beds of algal laminite near its top. In the Virgin Mountains area to the east and the northern Muddy Mountains to the north, the middle section includes volcaniclastic sandstones and ashfall tuffs.
In the Rainbow Gardens Recreation Area, the basal conglomerate unconformably overlies the Upper Red Member of the Moenkopi Formation (Triassic), whereas farther east it may overlie the Permian Kaibab, Triassic Chinle, Moenave-Kayenta, Moenkopi or Jurassic Aztec Formations. This relationship suggests that the basal Rainbow Gardens Member contact is a throughgoing, major angular unconformity (Bohannon, 1984) . In the Virgin Mountains area, Beard (1996) has interpreted a disconformity to angular unconformity that defi nes the top of the Rainbow Gardens Member as well. She interpreted pedogenic features in the lower portion of the carbonate sequence and local thin conglomeratic sandstones in the middle part of the carbonate sequence as indicative of a period of subaerial exposure. In this interpretation, the more massive, reddish-pink lower carbonate sequence is the uppermost portion of the Rainbow Gardens Member. An abrupt shift to algal laminite deposition and a lack of pedogenic features suggests that the upper carbonate sequence may actually be the basal unit of the Thumb Member of the Horse Spring Formation. This upper carbonate sequence exhibits abrupt facies changes laterally into more typical sandstone, mudstone, and gypsum facies of the Thumb. Beard (1996) interpreted the disconformity to be caused by the onset of extension at ca. 16 Ma. This hypothesis is yet to be tested fully in the FrenchmanOverton corridor.
The Thumb Member
The Thumb Member also crops out throughout the Frenchman-Overton corridor and ranges in age from ca. 16 to ca. 13.5 Ma (Bohannon, 1984; Beard, 1996; Figs. 5-10) . In the south Virgin Mountains, this range is more tightly constrained between ca. 16.2-14.2 Ma (Beard, 1996) . New Ar dates (Donatelle et al., 2005; Martin, 2005) from the Thumb Member within the Echo Wash area (Fig. 8) range from 16.36 (biotite) to 14.58 Ma (sanidine). Bohannon (1984) and Beard (1996) have shown that the Thumb Member of the Horse Spring Formation is an extremely heterogeneous unit, showing abrupt lateral and vertical facies changes. The unit also shows great variation in thickness from a few hundred m to 1300 m in the Echo Wash area (Bohannon, 1984) . In the Virgin Mountains area, Beard (1996) demonstrated that the abrupt facies changes were the result of deposition during active segmentation of the landscape during extension. Lithofacies within the Thumb include gypsum, gypsiferous limestone and mudstone, fi ne-grained siliciclastics, sandstones and pebbly conglomerates, cobble to boulder conglomerates with Proterozoic, Cambrian, and Paleozoic (undifferentiated) provenance, and carbonate units. In contrast to the Rainbow Gardens Member, the Thumb Member lacks a typical vertical sequence. We will spend time on this fi eld trip demonstrating this heterogeneity and exploring its implications. fl d006-18 page 11 of 30
The Bitter Ridge Limestone Member
Small, jumbled and deformed outcrops of the Bitter Ridge Limestone Member have been mapped in the Rainbow Gardens Recreation Area, but this unit is best exposed in the Bitter Ridge area (west of the Longwell Ridges), its type locality (Figs. 5, 6, (8) (9) (10) . Here, it is a thick-bedded, algally laminated limestone with teepee structures, oncolitic textures, and stromatolitic bioherms. Bohannon (1984) placed the age of the Bitter Ridge Limestone at between ca. 13.5 and 13.0 Ma, based on fi ssion track ages. Castor et al. (2000) (Beard, 1996) . A sanidine within a thick, vitric tuff in the Bitter Ridge Limestone Member in the Echo Wash area yielded a 40 Ar/
39
Ar age of 14.32 Ma ± 0.10 (Donatelle et al., 2005; Fig. 8) . This implies that the Bitter Ridge Limestone Member in its type locality is older than previously thought and may be the same age as the uppermost Thumb Member in other areas.
The Lovell Wash Member
The Lovell Wash Member crops out mainly in the Lovell Wash and White Basin areas; it has also been mapped in the Rainbow Gardens Recreation Area (Figs. 5, 6, and 8) . Bohannon (1984) Ar ages for tuffs in the Lovell Wash exposed on the east side of Frenchman Mountain that range from 13.40 ± 0.05 to 13.12 ± 0.24 Ma and indicate they could fi nd no discernable difference in age between the Bitter Ridge and Lovell Wash in the Frenchman Mountain area. Tuffaceous sandstones and mudstones comprise the dominant Lovell Wash lithofacies.
Red Sandstone Unit
The red sandstone unit was named informally by Bohannon (1984) to include clastic sequences in White Basin and the Frenchman Mountain area that are unconformable with both the underlying Horse Spring Formation and the overlying Muddy Creek Formation (Figs. 5 and 6). Duebendorfer and Wallin (1991) expanded the range of the unit to include scattered exposures between Frenchman Mountain and White Basin and a mostly coarse clastic basin-fi lling sequence in Boulder basin south of the Las Vegas Valley shear zone. In general the unit is synvolcanic and syntectonic, fi lling small basins formed during extension from ca. 12-8.5 Ma and interfi ngering in its upper part with the volcanic rocks of Callville Mesa (described below). More recent 40 Ar/ 39 Ar work by Harlan et al. (1998) yielded an age of 11.70 ± 0.08 Ma from a tuff near the base of the unit in the Gale Hills, north of the Las Vegas Valley shear zone.
The red sandstone is characterized by sandstone, interbedded with siltstone and claystone, is locally gypsiferous, and contains abundant thin white tuff beds. Conglomeratic facies and locally megabreccia are common near some basin-margin faults (Bohannon, 1984) . Adjacent to basin margin faults such as the Muddy Peak fault on the west side of White Basin, the unit is conglomeratic with intercalated megabreccia deposits.
Muddy Creek Formation
The name "Muddy Creek Formation" has been applied widely to late Miocene deposits that are mostly fl at lying and post-date extension (Figs. 5 and 6). Bohannon (1984) restricted the name to rocks that are demonstrably continuous with those at the type locality north of Glendale, Nevada. However, subsequent studies have continued to use the term in the Lake Mead area for separate basins of similar age (e.g., Castor et al., 2000 , Duebendorfer, 2003 Anderson, 2003) . The restricted Muddy Creek basin extends from about Echo Bay in the Overton Arm of Lake Mead northward into the Virgin Valley and Moapa area; its maximum extent represents several small basins that coalesced into one large basin by ca. 6 Ma or younger (Pederson et al., 2000) . Deposits include fi ne-grained clastic rocks, interbedded calcareous mudstone, gypsum, and local minor conglomeratic facies at the basin margins. Pebble to cobble fl uvial gravels are interbedded with the very top of the Muddy Creek at the tip of Mormon Mesa in Overton and probably refl ect initial dissection of the Muddy Creek basin related to integration of the Virgin and Colorado Rivers by ca. 5 Ma.
The Muddy Creek Formation exposed in the FrenchmanOverton corridor was deposited in small separate basins. In the Frenchman Mountain area, Castor et al. (2000) mapped fairly widespread facies of limestone, gypsite and gypsiferous gravel, fi ne-grained sandstone and siltstone, and pebble to boulder conglomerate. The deposits fi ne and thicken northward into Nellis basin, a depocenter north of Frenchman Mountain (Castor et al., 2000) . Eastward in the Government Wash area fi ne-grained Muddy Creek deposits give way to cobble to boulder conglomerate deposits (Duebendorfer, 2003) that probably represent alluvial fan deposition. Further east in Boulder basin, Anderson (2003) mapped fi ve separate depocenters containing as much as a few hundred meters of coarse conglomerate, sandstone, and locally gypsum and gypsiferous mudstone. These basins record fanning upward dip patterns, folds and unconformities, all indicating syndepositional deformation. We will visit one of these depocenters on the fi eld trip.
Hamblin-Cleopatra Volcano
The Hamblin-Cleopatra stratovolcano was cut into three lobes and offset by as much as 20 km in a left-lateral sense by the Hamblin Bay strand of the Lake Mead fault system (Anderson, 1973; Figs. 3 and 11) . Hamblin Mountain is the eroded western lobe of the original volcano on the northwest side of the fault, whereas the Cleopatra rocks, cut into two lobes, form the stranded eastern part. The Hamblin volcanics range in age from 10.07 to 11.7 Ma ( 40 Ar/ 39 Ar; Anderson et al., 1994) whereas ages from the Cleopatra lobe are 13.1-12.5 Ma (K/Ar; Thompson, 1985 , M. Kunk, 2000 . Because of differing dating techniques and unsystematic sampling, these differences are not considered signifi cant and the volcano is considered to be 12-10 Ma.
The rocks are mostly massive to fl ow-banded andesite fl ows and thick, lighter colored autobrecciated fl ows, cut by synvolcanic dikes, sills, and small plugs of porphyritic to equigranular andesite and dacite. Basal fl ows of the Hamblin lobe are interstratifed with strata of Lovell Wash Member (Anderson, 2003) . The more intact easternmost Cleopatra lobe (Fig. 3 ) exhibits an extensive set of radial dikes that in some places comprise as much as 80% of the outcrops.
Volcanic Rocks of Callville Mesa
The Ar age of 14.85 ± 0.07 Ma. The interbedded fi ne-grained sandstones and mudstones on the left are characteristic of the Thumb sandstone facies and suggest episodic deposition in a subaerial (distal alluvial fan or marginal lacustrine?) environment. sandstone unit; lowermost fl ows are variably tilted, whereas the youngest fl ows are not. Feuerbach et al. (1991) interpreted the Callville fi eld as erupting during the late stages of extension that formed the red sandstone depocenters of Boulder basin. Anderson (2003) suggested the Callville Mesa eruptive centers were satellitic to the Hamblin-Cleopatra volcano.
Ages of the volcanic rocks of Callville Mesa range from 11.41 ± 0.14 Ma ( 40 Ar/ 39 Ar, Harlan et al., 1998) to 8.49 ± 0.20 (K/Ar, Feuerbach et al., 1991) . The older age is from a basaltic andesite fl ow that overlies the red sandstone unit with a 20° to 40° angular discordance. The younger age is from the uppermost fl ow on Callville Mesa.
MAJOR STRUCTURES AND TIMING OF DEFORMATION ALONG THE FRENCHMAN-OVERTON CORRIDOR
We begin our transect on the eastside of Frenchman Mountain (Figs. 3, 4 , and 6). The Frenchman Mountain block is an east-dipping, fault-bounded homocline of crystalline basement overlain by Paleozoic to lower Mesozoic strata that are, in turn, overlain in low-angle unconformity by the Miocene strata on which the beginning of this trip is focused. Directly east of Las Vegas, the block is bounded by a large-displacement down-tothe-west normal fault called the Frenchman fault. Southward, the Frenchman fault curves to the southeast and becomes a right-normal fault. Northward, it curves to the northeast and interacts with the large-displacement Las Vegas Valley shear zone. Throughout its length, moderate to deep basins, hidden beneath the alluvium of Las Vegas Valley, have formed in the hanging wall of the Las Vegas Valley shear zone as indicated by geophysical data (Langenheim et al., 2001) . At the east margin of Frenchman Mountain, the uniformly east-tilted Miocene sedimentary rocks are repeated by a normal fault and pass eastward, across north-northeast-striking faults, into Miocene rocks of the Boulder basin (Duebendorfer and Wallin, 1991; Castor et al., 2000) . The Boulder basin and its fi ll are interpreted to have been formed as a result of movement along the kinematically linked Las Vegas Valley shear zone and Saddle Island detachment fault (Duebendorfer and Wallin, 1991) . The Saddle Island detachment fault is interpreted to be a major extensional structure in the Frenchman-Overton corridor. It is characterized by a Proterozoic, mylonitic, lower plate, and a brittlely deformed Miocene upper plate .
The rocks of the Boulder basin south of the Las Vegas Valley shear zone and the Gale Hills north of the Las Vegas Valley shear zone (Fig. 3) are intensely deformed on a heterogeneous array of structures most of which are interpreted as refl ecting strain accommodation associated with the interaction between the Las Vegas Valley shear zone and the Lake Mead fault system (Anderson et al., 1994; Duebendorfer and Simpson, 1994) . One of the largest structures refl ecting this interaction is a broad zone of faults and folds covering most of the Gale Hills that experienced clockwise steep-axis rotation (Sonder et al., 1994) . Whether this strain refl ects right-sense drag on the Las Vegas Valley shear zone or north-south contractional collapse, or a combination of both, is controversial (see additional discussion below; Anderson et al., 1994; Duebendorfer and Simpson, 1994; Çakir et al., 1998) . Other large-scale structures include northerly striking strike-slip faults and east-west-trending folds, the largest of which is the Lovell Wash syncline. These structures do refl ect north-south contractional strain. The last day of this trip is focused on the east extreme of the Boulder basin-Gale Hills areas and includes a visit to deformed roundstone gravels near Callville Bay suggestive of a continuation of deformation into the neotectonic regime.
East of the Boulder basin-Gale Hills area extending to and including the Overton Arm basin, the geology is dominated by Miocene basins, the dismembered parts of a Miocene stratovolcano (Callville Mesa and Hamblin volcanics discussed above), and intervening blocks of pre-Tertiary rock distributed along strands of the Lake Mead fault system. The Lake Mead fault system comprises several sinistral-slip faults, which strike westsouthwest and run from Callville Bay to Overton Arm of Lake Mead and then northeast to the south Virgin Mountains (Fig. 3) . This system includes the Bitter Spring Valley, Hamblin Bay, and Rodgers Spring faults west of the Overton Arm of Lake Mead (Fig. 3) . The Overton Arm basin runs from the Bitter Spring Valley to the south Virgin Mountains (Fig. 3 ) and has been interpreted as a pull-apart basin between left-stepping left-lateral faults (Campagna and Aydin, 1994) . The White basin is a major extensional basin north of the western end of the Overton Arm basin. Steepaxis clockwise rotations of some blocks in the western part of this area are indicated by unpublished paleomagnetic data.
Much of the deformation associated with the structures in the Lake Mead area is thought to occur after the initiation of deformation to the south (ca. 27-15 Ma) and north (20-10 Ma; Fig. 1B ; Spencer and Reynolds; 1989; Axen et al., 1990 Axen et al., , 1993 . The main deformation in the Lake Mead region occurred from 16 to 10 Ma (Anderson et al., 1972; Bohannon, 1984; Wernicke et al., 1988; Duebendorfer and Simpson, 1994; Beard, 1996; Fig. 8 fl d006-18 page 17 of 30 good evidence for deformation diminishing at 10 Ma, locally signifi cant deformation continued well after 10 Ma. For example, deformation in the Callville interaction zone continues at least through Muddy Creek time (10-6 Ma; Anderson, 2003; Duebendorfer, 2003) and may continue after 6 Ma (Anderson, 2003) . In addition, low rates of deformation continue into the Quaternary in the Lake Mead region.
INITIAL STUDIES AND CONCLUSIONS
Initial geologic mapping in this region was completed by Longwell (1928 Longwell ( , 1936 , Longwell et al. (1965) , and others in the 1960s. In his pioneering study in the Eldorado Mountains south of Lake Mead, Anderson (1971) recognized that signifi cant extension resulted in steeply tilted strata displaced by low-angle normal faults. On the basis of reconnaissance stratigraphic studies and K/Ar analyses, Anderson et al. (1972) established that the volcanic strata to the south and the sedimentary strata to the north in the Lake Mead region were contemporaneous during the Miocene. This led to the understanding that (1) the contrasting strain between these two lithologically contrasting zones is also contemporaneous, (2) a major northeast-striking left-slip fault system (Lake Mead fault system) with lateral displacement of at least 65 km separates the central part of the differentially deformed terranes, and (3) the contrasting strains need to be integrated into a single tectonic model (Anderson, 1973) .
One tectonic explanation is that "large lateral displacements and extreme structural complexity record synextensional rafting of structural blocks atop a fl owing undermass and concomitant contraction of the zone of fl owage" (Anderson et al., 1994 (Anderson et al., , p. 1381 . In this model, the variety of types, scales, and attitudes of structures can be explained by this relatively long-lived process. Blocks to the north of Lake Mead have moved south, creating major shortening and the occlusion (tectonic escape) of material in an east-west direction in the Lake Mead area (Anderson and Barnhard, 1993) .
Zones of major translation and occlusion-such as the one in the Lake Mead area that resulted in juxtaposing coeval igneous and sedimentary domains-commonly have a low potential for preserving structural history because only the last rocks to arrive at any point are preserved. Sediments contained in adjacent syntectonic basin-fi ll sedimentary rocks can provide reliable measures of offsets or provide the only record of the former presence of vacated rocks. Much of the understanding of large translations in the Lake Mead area was either gleaned from or supported by such deposits (Anderson, 1973; Longwell, 1974; Rowland et al., 1990; . In the western Lake Mead area, basin deposits retain a partial record of the original north-south transitional assemblage between the igneous and sedimentary terranes.
Geologic mapping and structural studies south of Lake Mead (Anderson, 1971 (Anderson, , 1977b (Anderson, , 1978b together with chemical analysis of a detailed stratigraphic section of volcanic rocks (Anderson, 1977a (Anderson, , 1978a led to the understanding that the onset of major deformation was not accompanied by signifi cant shifts in major-element chemical composition of volcanic rocks. North of Lake Mead, by contrast, comprehensive lithostratigraphic studies (Bohannon, 1979 (Bohannon, , 1983b (Bohannon, , 1984 Beard, 1996) , led to the understanding that the Miocene sedimentary rocks record a transition from pre-extension deposition in a broad sag basin to synextensional deposition within more restricted basins developed in a mixed strike-slip and normal-faulting setting (Beard, 1996) . This sag basin was dissected by normal and strike-slip faulting at the beginning of deposition of the Thumb Member (ca. 15.7-16 Ma; Fig. 5 ) into numerous subbasins. She called on "mixed mode" (normal and strike-slip) faulting to explain the complex facies variations that she detected in the Miocene Horse Spring Formation. Subsequent reconstructions suggest that 60-80 km of extension from Miocene faulting has occurred Fryxell and Duebendorfer, 2005) , implying that the Frenchman Mountain block likely lay either immediately west of the south Virgin Mountains or on top of Gold Butte when extension began. Therefore, the sag basin was much smaller than any confi guration based on its present outcrop distribution.
RECENT STUDIES AND CONTROVERSY
The fi rst several decades of studies of the excellent exposures of rocks and heterogeneous structures in the Lake Mead region created a fertile breeding ground for tectonic models. Controversy abounds! Many issues remain unresolved. The relative importance of normal versus strike-slip faults is debated (e.g., Anderson, 1973; Ron et al., 1986; Duebendorfer and Black, 1992; Duebendorfer and Simpson, 1994; Wawrzyniec et al., 2001) , as are the details of how and why faults develop through time throughout the entire area and, in particular, within the Callville interaction zone and the Boulder basin just south of the Las Vegas Valley shear zone (Anderson, 1973; Bohannon, 1979; Duebendorfer and Wallin, 1991; Duebendorfer and Black, 1992; Anderson et al., 1994; Duebendorfer and Simpson, 1994; Çakir et al., 1998) .
The tectonic escape model, discussed above, explains the development of a variety of structures through time with one continual process. A different tectonic model by Duebendorfer and Simpson (1994) emphasizes the development of different sets of structures through time. The late-stage (ca. 12-8 Ma) sedimentation in the Boulder basin is interpreted to refl ect large-magnitude extension on a regional-scale detachment fault mapped at Saddle Island in the southwest extreme of Lake Mead (Duebendorfer and Black, 1992) and to be kinematically linked to right-sense displacement on the Las Vegas Valley shear zone (Duebendorfer and Simpson, 1994) . Duebendorfer and Simpson (1994) recognized the development of contractional strain but concluded that it developed after the major extensional features.
Additional work since 1994 has not resolved this debate. For example, recent geophysical studies west of Frenchman Mountain (Langenheim et al., 2001) failed to reveal evidence either for a regional detachment fault or for reported large-magnitude extension beneath Las Vegas Valley (Wernicke et al., 1988) . Recent detailed mapping of the east and west extremes of Boulder basin failed to reveal structures consistent with large extension above a detachment fault (Anderson, 2003; Beard et al., 2006) .
In addition, basinal settings for the Miocene strata are complex and not well understood. Much of the current research is focused on trying to better understand this process of basin dismemberment and development in a system of linked strike-slip and normal faults. Past models have suggested pull-apart basins (Duebendorfer and Wallin, 1991; Campagna and Aydin, 1994) , rift-style extensional basins (Bohannon, 1984; Beard, 1996) , and local contractional or transpressional basins (Anderson, 2003) . The pull-apart basin suggested by Duebendorfer and Wallin (1991) applied to the ca. 12-8 Ma red sandstone in Boulder basin (more accurately described as a basin formed by the kinematically coupled motion between a strike-slip and detachment fault [E.M. Duebendorfer, 2005, personal commun.] ). The pull-apart basin suggested by Campagna and Aydin (1994) applied to the Overton Arm basin; these authors did not give a time for the formation or development of this basin, but the argument that present gravity data suggest a basin indicate that it must have formed late in the regional deformation. As noted above, Beard (1996) emphasized mixed strike-slip and normal fault-related sedimentation for the Thumb Member in the south Virgin Mountains, but this hypothesis has not yet been tested throughout the region.
Our current work in the Longwell Ridges area suggests that the onset of extension during late Rainbow Gardens or early Thumb time produced small, rapidly subsiding basins with abrupt lateral facies changes. We are also documenting sets of cross-cutting faults throughout the basins that record a geological complexity and history that appears similar to, and should help inform our understanding of, the Callville interaction zone. As these basins are mapped, dated, and delineated in detail, a better understanding of the structural and tectonic evolution of the Frenchman-Overton corridor and Lake Mead region will be gained.
The following questions delineate many of the unresolved structural and stratigraphic basin-related issues:
1. Does Boulder basin in the western Lake Mead area represent major (Duebendorfer and Wallin, 1991) or minor extension (Anderson and Barnhard, 1993) (Duebendorfer and Simpson, 1994) ; i.e., the "Callville Bay interaction zone," or a province-scale phenomenon (Wernicke et al., 1988 , Anderson and Barnhard, 1993 , Çakir et al., 1998 Anderson, 2003) ? 3. Do the major strike-slip faults (the Las Vegas Valley shear zone and Lake Mead fault system) transfer strain from adjacent or along-strike areas of contrasting amounts of extension (Liggett and Childs, 1977; Duebendorfer and Black, 1992; Duebendorfer and Simpson, 1994; ? Or are they fi rst-order structures that control the distribution and nature of extension (Ron et al., 1986; Campagna and Aydin, 1994) ? Or are they the boundaries of a west-widening tectonically escaped block (Anderson and Barnhard, 1993 (Duebendorfer and Wallin, 1991; Duebendorfer and Simpson, 1994) or was it rafted passively on a westerly directed current of ductilely fl owing undermass (Anderson, 1973; Anderson and Barnhard, 1993) ? Or are there new models that better explain the displacement? 5. What are the ages, depositional environments, and structural settings and confi gurations of Miocene sedimentary sequences and basins throughout the region? Can a better-constrained regional stratigraphy be defi ned? Do basins record an east to west progression of extension as some models would predict, or was basin initiation synchronous across the region? Do basins record major times of fault (and basin) reorganization, or was the region one continually evolving system of strike-slip and normal faults? Does the history of basin development help us answer the structural-tectonic controversy outlined in (3) above? Do basins indicate that tectonic processes dominated the development of the region, or were climatic processes also important? Any tectonic model that hopes to explain the complex structural and stratigraphic relationships in the Lake Mead corridor must address the following:
• The Lake Mead fault system and its associated faults with a left-lateral sense of offset.
• The Las Vegas Valley shear zone and its apparent sense of right-lateral offset (although Anderson will point out on this trip that its most recent motion in the Lake Mead region may be left lateral!).
• Folds that are common in the Callville interaction zone and that affect strata as young as the late Miocene to Pliocene Muddy Creek Formation (and possibly Pliocene Colorado River deposits) in the vicinity of Callville Bay.
• Northeast-southwest-striking to north-south-striking normal faults that offset Miocene strata.
• The contrast between Miocene sedimentary strata to the north and igneous units to the south of the Las Vegas Valley shear zone and Lake Mead fault system. • Chronostratigraphic and facies relationships of the Miocene sedimentary basin fi ll. Although these lists may seem daunting, we believe present and future basin analysis studies, coupled with study of the local faults, have a high potential of contributing to and answering these questions. Tectonic models to date have been developed based on geologic mapping and structural analysis at a range of scales, an absolutely necessary precursor to the development of accurate fl d006-18 page 19 of 30 models and a clear understanding of the processes that accompany extension in this region. All data suggest that the early Miocene is a major transition time in terms of the tectonic evolution of the area. Metamorphic core complexes were "shutting off" to the south, major extension was ending to the north, and the strike-slip and normal faulting processes that characterize the Lake Mead corridor were "turning on." Fortunately, Miocene sedimentary strata are beautifully exposed throughout this area and provide valuable clues to understanding its tectonic evolution. We suggest that the fi rst stage of geologic mapping and the development of an early phase of tectonic models for this area are coming to a close. In their place we fi nd the need for more detailed (1:24,000 and larger scale) mapping, high resolution stratigraphic correlation at the lithofacies scale, and a more dense database of geochronological control. Further geophysical and geochemical-isotopic data would also substantially contribute to this effort. This should allow us to uncover the Neogene paleogeography more completely, address the questions listed above, and as a result, develop better-constrained tectonic models of this important transition zone.
FIELD TRIP

Day 1: The Frenchman Mountain Block and the Rainbow Gardens and Thumb Members of the Tertiary Horse Spring Formation (Figs. 2 and 6)
The goal of the fi rst day is to examine the oldest Miocene units in the Lake Mead region and examine a few large, perhaps less controversial structures in the area. After a short overview stop, we will spend most of the morning walking through a beautifully exposed section of the Rainbow Gardens Member. We will then examine a newly recognized unconformity within the upper Rainbow Gardens at a different location, introduce a few of the facies within the Thumb Member, and stop to observe two of the faults bounding the Frenchman Mountain block. 
Stop 1.2: Rainbow Gardens Recreation Area-Typical Section of the Rainbow Gardens Member, Horse Spring Formation
Purpose
To investigate and familiarize participants with the Rainbow Gardens Member of the Horse Spring Formation and the lowermost portion of the Thumb Member. We will also take a close look at the unconformity at the base of the Tertiary.
Comments
At this stop we will walk a west-east transect that begins in the Triassic Moenkopi Formation and passes stratigraphically upward through the lowermost member of the Tertiary Horse Spring Formation, the Rainbow Gardens Member. We will focus on the three submembers of this unit. Immediately west of where fl d006-18 page 20 of 30 we'll park is a resistant, ridge-forming carbonate, the Virgin Limestone Member of the Moenkopi. This parking location is in the Schnabkaib Member of this same formation, a yellow and white carbonate and gypsum-rich unit. We will walk east, across the valley and up the prominent ridge. As we cross the valley, an abrupt shift occurs, as the whitish-yellow Schnabkaib units give way to the Upper Red Member of the Moenkopi, characterized by ripple cross-laminated, fi ne-grained sandstones and dark reddish-brown mudstones. The top of the Moenkopi is overlain unconformably by the Rainbow Gardens Member.
The ridge to the east comprises the three submembers of the Rainbow Gardens Member (Fig. 7A and 7B ). We will begin by examining the Rainbow Gardens Conglomerate. The Rainbow Gardens Conglomerate comprises the dark gray, cliff-forming unit at the base of the slope. This moderately well-sorted, clastsupported, 2-20-m-thick, cobble conglomerate is made up of primarily Paleozoic limestone clasts with occasional sandstone clasts, presumably Jurassic Aztec (Ja) in origin. The red sandstone matrix is most likely also derived from the Aztec or Moenkopi. For the most part, this unit is reasonably well layered and somewhat organized, suggesting a predominance of tractional transport; there is very little evidence for en masse deposition as debris fl ows. Bohannon (1984) interpreted this submember as an alluvial deposit of a "gravel veneer on a widespread pediment surface." More specifi cally, the Rainbow Gardens Conglomerate most likely represents the deposits of braided streams or a coalescing series of alluvial fans (a bajada) that formed on an erosional surface.
The Rainbow Gardens Conglomerate is overlain by the much thicker, middle Rainbow Gardens Red submember, a mixed bag of pink-weathering limestone, red calcareous sandstone, and mudstone (Fig. 7B ). Beds range in thickness from a few decimeters to a meter and are somewhat laterally continuous. Bohannon (1984) suggested this unit represents lacustrine, playa, and alluvial deposition.
The uppermost submember, the Rainbow Gardens Limestone, holds up the ridge where we are headed (Fig. 7B) . At this spot, the limestone is yellow-weathering. Just to our west, there is another prominent ridge of Rainbow Gardens Limestone that is pink-weathering with abundant stromatolites. Bohannon (1984) lumped the entire limestone ridge as Rainbow Gardens in age. In the Virgin Mountains, Beard (1996) , however, documented an unconformity within this limestone section and placed the upper contact of the Rainbow Gardens Limestone with the overlying Thumb in the middle of this limestone unit. Hickson and Lamb have found evidence for a possible correlative unconformity in this locality, which we will examine here and at Stop 1.3. This new contact places the upper, stromatolitic limestone within the Thumb Member.
The paleogeography during deposition of this member, as interpreted by Beard (1996) , consisted of a regionally extensive and continuous sag basin. The basin held a large lake that may have expanded and contracted through time, producing the range of lacustrine, marginal, and fl uvial facies present. This is supported by the lateral continuity of the three submembers of the Rainbow Gardens throughout the Lake Mead region. In general, the same sequence of units visible at this stop can be correlated with nearly identical sections in the Virgin Mountains (Bohannon, 1984; Beard, 1996) . While at this stop, we can discuss the following: What are the implications of strong lateral continuity of lithofacies? Is the Rainbow Gardens Conglomerate representative of a longitudinal (axial) drainage system or is it more of a classic bajada? Should the Rainbow Gardens be considered its own formation? 
Stop 1.3: Rainbow Gardens Recreation Area-Previously Unrecognized Unconformity in the Upper Part of the Rainbow Gardens Member
Purpose
To investigate in more detail a potential unconformity in the limestone submember of the Rainbow Gardens Limestone that could indicate an extended period of subaerial exposure at the top of this unit and to understand its implications.
Comments
We will make a short stop to see additional evidence for an unconformity within the Rainbow Gardens Limestone. Beard (1996) provided strong evidence for a previously unrecognized unconformity within the Rainbow Gardens Limestone that suggests that the lower Rainbow Gardens Limestone may be Rainbow Gardens age, whereas the upper Rainbow Gardens Limestone may actually be of Thumb age. Evidence for this unconformity in the Virgin Mountains includes a pedogenically altered limestone overlain by an algal-laminated limestone. Similar evidence is present at this locality, including rubifi cation of the lower portion of the Rainbow Gardens Limestone, root traces and casts, possible mottling, and obliteration of primary sedimentary features. From up the hill on the north, we will look across the road to the south and view irregular surfaces within the Rainbow Gardens Limestone/Thumb above the possible unconformity that suggest paleotopography, possibly due to algal build-ups. Does the base of the Thumb Member actually lie at this unconformity? If this unconformity is truly regional in extent, as it appears to be, then what does this imply for tectonics? 
Development of Miocene faults and basins in the Lake Mead region
Purpose
To examine the lower lithofacies of the Thumb Member of the Horse Spring Formation at its type locality. In particular, we will look at carbonate, gypsum, and conglomerate facies.
Comments
To the west at this stop is a mustard yellow unit that directly overlies the Rainbow Gardens Limestone and forms the prominent dipslope. This unit is the lowest exposed lithofacies of the Thumb Member of the Horse Spring Formation and consists of interbedded sandstones, mudstones, and carbonate beds. It appears to lie in gradational contact with the Rainbow Gardens Limestone in this locality. Immediately east is a large, north-south-trending pit: an abandoned gypsum mine (Fig. 7C) . The working face lies to the south and can be clearly seen from the east side of the road. This face comprises massive, bedded gypsum, another of the key lithologies of the Thumb Member (Fig. 7D ). We will walk north along the road to the roadcut exposure of the Thumb conglomerate, which crops out as a jagged, toothy ridge directly east of the gypsum pit.
The Thumb conglomerate (Fig. 7E) here differs from the Rainbow Gardens Conglomerate that we investigated in Stop 1.2 principally in terms of its clast composition. Although still dominated by limestone and dolomite clasts derived from the Paleozoic carbonates, this conglomerate contains a subpopulation of igneous and metamorphic clasts that most likely were derived from units to the south. In general, however, this conglomerate is diffi cult to distinguish from the Rainbow Gardens Conglomerate units below and, as will be seen at the stops on Day 2, can actually be completely indistinguishable.
If the unconformity recognized by Beard (1996) is the base of the Thumb Formation, then a vertical succession of the Thumb at this locality is as follows:
• Algally laminated, creamy-white limestones and dolomites with occasional stromatolitic beds; • Interbedded sandstones, mudstones, and carbonates of the mustard-colored lithofacies; • Massive bedded gypsum; • Cobble conglomerate. This succession is not found at other Thumb localities, as we will see on Day 2 (Bohannon, 1984; Beard, 1996) .
The algal limestones most likely formed in a lacustrine setting. The overlying interbedded mixed siliciclastic-carbonate sequence suggests a transition to a more marginal lacustrine environment: the carbonates may represent background precipitation within the lake interrupted by periods of clastic input from fl uvial sources. This sequence grades into the gypsum, which may represent a deepening of the lake. Although the depositional environment of the gypsum is not fi rmly established, the presence of large bladed gypsum crystals suggests quiescent deeper-water sulfate precipitation. Finally, the conglomerate represents a rapid shoaling at this locality.
Perhaps the single most signifi cant observation that can be made here is that the lithofacies of the Thumb that are exposed in the Rainbow Gardens area vary considerably laterally. This stands in sharp contrast to the Rainbow Gardens Member, with its relatively monotonous sequence of conglomerate, red sandstone and mudstone, and limestone that is found in all fault blocks containing the Rainbow Gardens Member. Is there really a "type section" of the Thumb, given its extreme lateral variability? Is it possible to even defi ne one type section? 
Stop 1.5: Rainbow Gardens Recreation Area-Major North-Striking Fault
Purpose
To view a northerly trending fault zone separating east-dipping sandstone and gravel of the Thumb Member on the west from steeply north-dipping younger Bitter Ridge Limestone beds on the east.
Comments
The sharp discordance between the Bitter Ridge beds and the fault results from left-sense drag of beds into the northerly striking fault. Left-sense slip is determined not only from the stratal bending seen here but also from fault fabrics and striations seen elsewhere. This fault is interpreted to have large displacement because it separates an extensive structural block to the east in which the Miocene sediments are interstratifi ed with mafi c lava fl ows, cut by dikes, and folded from the nonigneous and nonfolded Frenchman Mountain block to the west. If that interpretation is correct, this fault appears to be paired with the northwest-striking right-lateral portion of the Frenchman fault (observed from our introductory overview stop along Lake Mead Pkwy) to accomplish south-directed motion of the entire Frenchman Mountain block. Stated differently, the south-pointing prong of the Frenchman Mountain block appears to be inserted 
Stop 1.6: Overview of the Frenchman Fault
Purpose
To provide a southward view of the steep (~80°) northeast dip of the Frenchman fault and discuss the overall geometry of this major fault.
Comments
The Frenchman fault has km-scale normal down-to-the-west throw directly east of downtown Las Vegas where, at the surface, it dips ~30° west. Geophysical data are consistent with a downward-steepening geometry of the fault in that area. At this stop, it is mainly a steep right-lateral fault. Within 1 km to the southeast, it dips as little as 65° northeast beneath the Frenchman Mountain block and is a right-reverse fault. We will have a brief discussion of the possible signifi cance of this highly varied geometry and sense of slip and how they may relate to the fault viewed at Stop 1.5.
Directions
End of day. We will return to the North Shore Road and take this east to Echo Bay Resort (see Fig. 2 ).
Day 2: Tertiary Horse Spring Formation Stratigraphy and Structure in the Vicinity of East and West Longwell Ridges (Fig. 9) The goal of the second day is to examine the Horse Spring Formation and observe important structures in the Longwell Ridges area, which is in the eastern part of the Frenchman-Overton corridor, or central part of the Lake Mead domain. The fi rst two stops, in conjunction with the stops on Day 1, have been chosen to highlight the variability within the Thumb Member and issues related to assignment of local sections to the Rainbow Garden versus Thumb Members of the Horse Spring Formation. Additional stops will introduce the Bitter Ridge and Lovell Wash Members. One stop will feature a world-class exposure of the White Basin fault. Echo Wash Road and park. We will walk a west-to-east transect into the Miocene section exposed at this locality. We will then walk along the lower part of the Miocene strata out to the south. Ar age data and discuss its implications for sedimentary basin evolution in the Tertiary.
Comments
At this locality (Figs. 9, 10A , and 10B), we will walk across the basal unconformity that places Tertiary strata atop Jurassic Aztec Sandstone. Conglomeratic, gypsiferous, and carbonate strata comprise the Miocene section (Fig. 9 ). We will begin by walking through a 100-m-thick section of Thumb in the area that Martin, Hickson, and Lamb have been working and mapping at a scale of 1:5,000. This section includes several informal subdivisions (in stratigraphic order as shown on column 1 on Fig. 10 ; note that on the map in Fig. 8 these units are lumped into two groups: the Thtc includes the lowermost conglomerate and sandstone and the Thlg includes the gypsum and limestone units): Ttc: conglomerate; Tts: sandstone; Ttrg: red gypsum; Ttwg: white gypsum; and Ttl: limestone.
The basal conglomerate (Ttc), which lies in unconformable contact over the Jurassic Aztec Sandstone, shares all of the characteristics of the Rainbow Gardens Conglomerate examined at Stop 1.2. The ridgeline to the east is held up by a thin algallaminated limestone that shares many of the same features as the Rainbow Gardens Limestone in its type section. Furthermore, the thickness and overall physical stratigraphy of this sequence are somewhat comparable to the Rainbow Gardens Member in fl d006-18 page 23 of 30 its type locality. As a result, this section was originally mapped by Bohannon (1983a Bohannon ( , 1983b as the Rainbow Gardens Member of the Horse Spring Formation. However, the intervening red and white gypsiferous facies differ strongly from the Rainbow Gardens ,and the overlying carbonate units lack evidence for Beard's (1996) unconformity (that now seems to be somewhat diagnostic of the Rainbow Gardens Limestone). The abrupt lateral changes in thickness of the overlying limestones, from ~10 m at section 1 to ~125 m at section 3 ( Fig. 9 ; a 120% thickness increase over ~1 km distance!), is more diagnostic of the Thumb Member than the Rainbow Gardens Member. Beard (1996) shows thickness changes in the Rainbow Gardens carbonates, but they occur over much greater lateral distances. Finally, although there appears to be much lateral variability in the middle part of the Rainbow Gardens Member (Beard, 1996) , it is predominantly a siliciclastic unit with minor carbonates and very minor gypsum; nowhere is the Rainbow Gardens Red submember predominantly evaporitic. Consequently, Beard et al. (2006) Ar dates support Beard's (1996) interpretation, with an age from the ash immediately overlying the sandstone interval above the conglomerate of 16.36 Ma and an additional date from within the red gypsum unit of 16.19 Ma. In addition, there is no signifi cant evidence for a disconformity atop the conglomerate and, given our new ages from within the conglomerates elsewhere in this area, this supports a Thumb age for the conglomerate at this locality as well. However, nowhere is the upper Rainbow Gardens Member well dated; thus, the boundary between the Rainbow Gardens and Thumb Members is not well constrained. It can be argued, therefore, that the similarities in physical stratigraphy and generally poorly constrained ages for the Rainbow Gardens Member make the section at this stop a Rainbow Gardens candidate. This difference in interpretation highlights the need for a better-constrained chronostratigraphic framework.
Facies are variable along strike (Fig. 9) , and much of this appears to be due to abrupt lateral facies changes between the basal conglomerate and the overlying and laterally interfi ngering sandstone and minor limestone facies. This is particularly evident at this location as one examines the sandstone that overlies the conglomerate. The gypsum facies above us also changes laterally to the north into a sandstone-dominated facies, which then changes into conglomerate and sedimentary breccia at the base of the section. The overall stratigraphic pattern at this stop is one of a major buttress unconformity that that shows progressive onlap to the north. The 16.36 Ma (biotite) ash from this location provides a time horizon that can be traced across this section to the south and shows that the underlying conglomerate had marked topography on its upper surface. The overlying sandstone facies (in which the dated tuff occurs) interfi ngers to the north with the conglomerate; the sandstone thickens dramatically to the south in the stratigraphic interval below the ash. Paleotopography atop the conglomerate does not appear to be strongly erosional, given that individual conglomeratic stringers can be traced laterally into the sandstones, where they are subsequently deformed by soft sediment deformational processes. 
Purpose
To show correlation of younger, coarse-grained sandstone and conglomerate facies, which are part of the upper Thumb Member.
Comments
We will stop briefl y, time permitting, to point out several low ridges of interbedded conglomerate, sandstone, shale, and limestone. Within these ridges, several sections have been measured and correlated, in part to document facies transitions within the Thumb and in part to document faulting (Donatelle et al., 2004 (Donatelle et al., , 2005 Martin, 2005) . The hill to the south of the road can be correlated with the sandstone and conglomerate ridge north of the road. These units have a distinctive suite of subangular conglomerate, matrix-supported coarse-grained sandstones, and crossstratifi ed very coarse to granule size sandstones that allow us to correlate these units with a north-south-trending ridge that lies immediately east of West Longwell Ridge. Primary sedimentary structures and textures in these clastic units point toward deposition by sandy debris fl ows and moderately deep unidirectional tractional currents, implying deposition in a medial to distal 
Purpose
To investigate the buttress unconformity of the Thumb conglomerate against the Paleozoic Bird Spring and Monte Cristo Formations; to examine (from afar) the Bitter Ridge Limestone Member of the Horse Spring Formation; and to present and discuss the implications of new geochronological data for these units.
Comments
This stop lies near the mouth of a canyon formed between Carboniferous carbonate units on the east and the Tertiary Bitter Ridge Limestone Member of the Horse Spring Formation on the west. The canyon roughly follows the trace of the White Basin fault.
On the east side of the canyon the Pennsylvanian-Permian Bird Spring Limestone crops out as a thick-bedded, dark gray unit that dips to the southwest. In this locality it is petroliferous and contains a bryozoan indicator fossil called chaetetes. The Monte Cristo limestone lies stratigraphically below the Bird Spring and comprises the majority of the eastern canyon wall.
Most striking at this locality is the impressive buttress unconformity exposed immediately to the east (Figs. 10C and  10D ). Basal conglomerates of the Thumb Member onlap the dipping and eroded Paleozoic strata. Clast compositions of this conglomerate are consistent with a local, Paleozoic carbonate source, and grain size at this locality ranges from cobbles to large boulders, with the largest clasts located near the buttress contact. Ar dates (Donatelle et al., 2005; Martin, 2005 ; Fig. 8 ) from within the conglomerate at this locality (15.52 ± 0.07 Ma) and measured sections from the east side of this ridge (14.58 ± 0.06 and 14.91 ± 0.10 Ma) indicate these conglomerates and the overlying clastic sequence are younger than the Thumb units examined at Stop 2.1 (Fig. 8) . Indeed, these rocks are correlative with the clastic sequence that overlies the Thumb Member limestone exposed in Echo Wash east of Stop 2.1. Mapping by Martin shows that this buttress unconformity continues northward along the east side of West Longwell Ridge, with progressively higher stratigraphic intervals lapping onto the Paleozoic unconformity. To our knowledge, the buttress mainly places conglomerate against Paleozoic limestone, but the conglomerates abruptly give way laterally to sandstone and mudstone facies.
To the west, the Bitter Ridge Limestone Member of the Horse Spring Formation comprises the spectacular cliff face. In this locality, the Bitter Ridge Limestone overlies a Thumb sequence of sandstones and mudstones (red units) and evaporites (whitish units) comprised mainly of gypsum ( Fig. 10E and 10F) . The basal portion of the Bitter Ridge Limestone is mainly a clastic sequence of thick-to medium-bedded calcite-cemented sandstones. At the start of the cliff face, these clastic rocks abruptly grade into algal laminated and peloidal limestones (Figs. 9 and 10). As discussed above, Hickson and Lamb sampled a thick ash from within the Bitter Ridge Limestone at this locality (Figs. 9 and 10F) that yielded an age of 14.32 ± 0.10 Ma (single crystal laser fusion of 12 sanidine crystals). This new date suggests that the Bitter Ridge Limestone may be strongly time transgressive from east to west (i.e., younging from east to west). Çakir et al. (1998) , while ignoring mapped exposures of the Bitter Ridge Limestone in the Rainbow Gardens area, observed that the Bitter Ridge Limestone (1) outcrops only north of the Las Vegas Valley shear zone and Lake Mead fault system, (2) shows apparent abrupt lateral facies changes from conglomerate into lacustrine limestone facies in the Callville Bay area, and (3) ranges from 13.2 to 13.5 Ma in age. They proposed that an extensive Bitter Ridge Limestone lake system formed north of the Las Vegas Valley shear zone and Lake Mead fault system, with active uplifts to the south of this lake shedding coarsegrained detritus into its shoreline. In their model, the Bitter Ridge Limestone units were inverted post 13.2 Ma due to north-south directed shortening, creating the distinctive contractional structures that we will examine at Stop 3.3. The new age data do not rule out this interpretation, but they do suggest that the Bitter Ridge Limestone lake system was longer-lived and may have had a more complex history than is suggested by Çakir et al.'s (1998) model. If the Bitter Ridge Limestone is older in the east and youngs signifi cantly to the west, this may imply a westward shift in the depocenter due to tectonic processes.
The Thumb and Bitter Ridge Limestone strata at this locality contrast strongly with the units examined so far (Fig. 9) . In Echo Wash, east of Stop 2.7, there is a thick gypsiferous sequence overlying Thumb Member siliciclastic units that may be correlative with the Bitter Ridge Limestone. Hickson and Lamb have sampled a thick tuff unit in this evaporitic sequence for both geochronological and geochemical analysis in an effort to ascertain whether this hypothesized correlation is valid. 
On the west side of the road, several spectacular, large scale (1.5 m wide by 1 m tall) teepee structures are exposed near the top of the Bitter Ridge Limestone Member (Fig. 10G) . These structures, commonly encountered in algal laminated carbonates, suggest early cementation of the substrate, followed by desiccation and polygonal fracturing. Subsequent groundwater "pumping" due to fl ooding of the cemented substrate leads to overthrust and upwarped geometries. Note also the thick exposure of the Bitter Ridge Limestone. Comparable structures have been found near the top of the Bitter Ridge Limestone face exposed in Figure 10F , at the top of section 8 (Fig. 9) , suggesting a possible correlation, but this relationship is highly speculative given the numerous small structures exposed in the canyon to the south. 
At this stop, we will see a beautifully exposed fault surface with slickenlines, fault gouge, and a polished surface (Fig. 10H) . Deformed Lovell Wash Member layers are juxtaposed against Paleozoic carbonates. Slickenlines on this fault surface suggest that is a left-lateral normal oblique fault (trend and plunge of slickenlines: 250°, 46°) similar to faults measured 0.5-1.0 km to the east. Çakir et al. (1998) and Duebendorfer and Simpson (1994) have suggested that the latest stage of deformation in this area is faulting along northeast-southwest-striking, left-lateral normal oblique faults. Estimates of magnitude of faulting suggest that this last episode produced smaller offsets than the earlier stages and does not represent the majority of Miocene faulting. 
This is a representative exposure of the sandstone, tuffaceous sandstone, and tuff of the Lovell Wash Member. Ar date from an ash bed near this locality yields an age of 14.85 ± 0.07 Ma, making these units roughly correlative with the clastic units between the Longwell Ridges and ~500 k.y. older than the Bitter Ridge Limestone. Low-amplitude, small-scale, open folds characterize the Thumb Member in the eastern Echo Wash area, in contrast to the generally unfolded units to the west.
Return to Echo Bay Resort; end of Day 2.
Day 3: Callville Bay Quadrangle
Stops for this day will concentrate on the part of the Frenchman-Overton corridor within the Callville Bay quadrangle mapped by Anderson (2003; Fig. 11) . Structurally, the quadrangle is located in an area where strains associated with the Las Vegas Valley shear zone and Lake Mead fault system conjoin and are focused. Rocks of the Horse Spring Formation are extensively exposed in the north part of the quadrangle, whereas the south part is dominated by Miocene volcanic rocks of the Hamblin lobe of the Hamblin-Cleopatra volcano and a group of satellitic volcanics to the west we call the Callville volcanic series. For the purpose of discussing the Miocene sedimentary rocks, the north part is divided into three structural blocks, which, from west to east, are the West End, Lovell, and Callville, named for the washes that drain them. A block of Mesozoic rock between the Lovell and Callville blocks is called the Bowl of Fire block (Fig. 11) . The Lovell block contains the type area of the Lovell Wash Member of the Horse Spring Formation, possibly 0.5 km thick, resting conformably on magnifi cently exposed sections of Bitter Ridge Limestone and Thumb Members (~1.2 km thick). Gravel is very sparse in the Thumb rocks of the Lovell block but abundant in the West End and Callville blocks. The minor gravel in the Lovell block contains clasts suggestive of a southern provenance, totally unlike the abundant gravels in the West End and Callville blocks. The four blocks are bounded by north-to northeast-striking faults that are almost wholly younger than the Horse Spring Formation. Anderson (2003) suggests that the Thumb sequences are disparate because they were juxtaposed by these block-bounding faults, all of which have histories of strike slip and strong associated folding.
The stops are chosen to elucidate relations between faulting and sedimentation. The last three focus on problems and controversies over the architecture of basins that are younger than the Horse Spring Formation, namely those in which the informal red sandstone unit and younger strata accumulated. We will discuss the tectonic implications of basin architecture in the light of major and minor strike-slip faults and other regional late Tertiary strain features and evaluate the impact on choices of tectonic models. 
Comments
Walk 700 m northwest to the east lip of Lovell Wash, descend into the wash, and walk up the wash across the trace of a major east-west-striking fault zone. This fault zone has been referred to as the easternmost extent to the Las Vegas Valley shear zone. Here, fault fabrics and kinematic indicators reveal left-sense slip, opposite to the Las Vegas Valley shear zone. Continue walking up the wash along strike of well-exposed, coarse fault-front debris deposits that dip to the northeast ~50°. Within 100-200 m along strike, observe the bedding-parallel facies transition from the coarse debris through interbedded gravel and sand to thinly laminated mudstone, limey mudstone, algal limestone, and sandstone, all of lacustrine origin. The coarse debris spans the contact between the Bitter Ridge Limestone and Lovell Wash Members of the Horse Spring Formation as mapped by Bohannon (1983a) and Anderson (2003) . It consists mostly of upper Paleozoic carbonate rocks and Mesozoic clastic rocks that were derived from a southerly or southeasterly source. suggested that this debris was derived from the Frenchman Mountain block (now located ~35 km west of here), which they restored to a position adjacent to these deposits between 13.5 and 12.5 Ma.
A debris deposit of similar thickness and much greater volume than the one seen here is exposed over an east-west strike length of almost 10 km ~1.3 km south of here. It is mapped with the Thumb Member (Anderson, 2003) but its age is not well constrained. The debris in that deposit was derived from the north. It might also be a candidate for recording the tectonic transport of a large structural block such as the Frenchman Mountain block. If so, the slightly older time would require restoration to a position west of the deposits at this stop. Improving the age constraints and provenance of coarse fault-front deposits and landslide blocks in the Frenchman-Overton corridor should be a high priority for future basin studies because of the potential for constraining fault juxtapositions. 
Purpose
To compare the lithology of a well-exposed tilted section of basal conglomerate and overlying limestone of the Rainbow Gardens Member with the lithology of equivalent beds seen at Stop 1.2. The red sandstone unit and the Muddy Creek Formation will also be viewed.
Comments
Here, the Rainbow Gardens rocks rest unconformably on reddish-orange rocks of the Jurassic Aztec Sandstone. This exposure of the basal Rainbow Gardens is important because it is the only one known for 20 km to the west and 7 km to the east. The rocks here form the southwest corner of a pod-form structural fl d006-18 page 27 of 30 block of south-and southwest-dipping Permian through Jurassic strata we refer to as the Highway block because the North Shore Road passes through it.
Equivalent Rainbow Gardens-Aztec contacts to the one seen here are mapped at the northeast corner of the Frenchman Mountain block 20 km west and at the southwest end of the Razorback Ridge block 7 km east. All three localities are located in the structural domain between the large-displacement Las Vegas Valley shear zone on the north and strands of the Lake Mead fault system on the south and southeast. We speculate that the rocks at the three localities were once more proximal to one another than they are now, perhaps even connected to one another. Because the three localities are in a single structural domain, speculation about their former proximity raises questions about the magnitude and style of internal strain on unrecognized structures within any particular structural domain in this region. 
Purpose
The main purpose of this stop is to consider the infl uence of the Las Vegas Valley shear zone on the location, orientation, and deformation of a syntectonic depocenter. The stop is divided into two parts.
Comments for Part 1
This part of the stop is multipurpose to view (1) the contact between Thumb Member and overlying Bitter Ridge Limestone, (2) the uniform lithology of the Bitter Ridge Limestone Member of the Horse Spring Formation, (3) the sheared upper contact between the Bitter Ridge Limestone and a thin selvage of overlying Lovell Wash Member, and (4) the north-derived provenance of locally derived angular clasts of Bitter Ridge Limestone in steeply south-dipping gravel of the red sandstone unit.
The steep north-facing slope to the left of the gap reveals the abrupt upward transition from clastic rocks of the Thumb Member to lacustrine limestone of the Bitter Ridge Limestone Member. This same contact is more distant west of the gap owing to a leftlateral fault that passes through the gap. This contact zone has a uniform appearance over a broad (70 km 2 ) area east and northeast of here, lending confi dence to correlation over that area.
Walk down-wash and observe the uniform lithology of the Bitter Ridge Limestone. As has been noted previously on this fi eld trip, algal limestones such as these have a considerable age range, introducing much skepticism about correlations from area to area. In the cliffs west of the gap, there are numerous striated fault surfaces in the limestone that support the presence of a northeaststriking fault passing through the gap. The limestone east of the gap is folded, possibly in association with the faulting.
Continue walking south along the west wash margin and observe the steeply south-dipping and somewhat sheared-out contact between the Bitter Ridge Limestone and a thin selvage of overlying light gray to whitish tuffaceous sandstone possibly belonging to the Lovell Wash Member of the Horse Spring Formation. For the next 100 m or so to the south, discontinuous exposures of vertical-dipping gravel, some containing angular clasts of Bitter Ridge Limestone, can be seen along the margin of the wash. These beds are mapped as the syntectonic red sandstone unit. They dip more steeply than the underlying Bitter Ridge Limestone, a structural aspect consistent with contraction across a steep reverse fault separating the two units. Thus, although we have passed southward into a syntectonic basin assemblage, the north basin margin has been foreshortened by north-south contraction.
Continue walking south and climb onto the west wash wall to observe additional exposures of the steep, south-dipping to overturned red sandstone unit. On return to the parking location, turn right (west) and walk up the tributary drainage cut into red sandstone and mudstone of the Lower Red Member of the Moenkopi Formation.
Comments for Part 2
This part of the stop is also multipurpose to view (1) the Las Vegas Valley shear zone, (2) evidence for left-lateral slip on the shear zone here, (3) related fold structures, and (4) south-derived local provenance of clasts in the strongly folded red sandstone unit.
The tributary wash follows the trace of the Las Vegas Valley shear zone. The shear zone is exposed in the right (north) wash bank ~0.5 km up the wash where it separates mudstones of the lower red Member of the Moenkopi Formation on the south from similarly colored red gravel rich in clasts of the adjacent Moenkopi. Although this gravel differs dramatically from that observed at Part 1 of this stop (due to contrasting provenance), they are both mapped with the informal red sandstone unit. In this part of the wash, note that the Moenkopi beds in the south wash wall are overlain unconformably by gravel. That gravel is also mapped with the informal red sandstone unit, although it is clearly younger than the gravel that is in fault contact with the Moenkopi. Also note that the Moenkopi beds here dip much more gently than those we observed while driving up the wash. In fact, as we walk up the wash, note that the Moenkopi beds pass through a fold hinge and dip gently north, defi ning a shallow east-west anticline directly south of the trace of the Las Vegas Valley shear zone. Continue up-wash to ~1 km from the wash mouth (to UTM 0702647E; 4008642N) where a splay from the main fault is exposed at the base of the north wash wall. Shear fabric here is consistent with left-sense displacement as it is at the main fault 100 m to the southwest. Beds of the red sandstone unit here dip 80° N-NW and are probably overturned. The core of the fault zone is occupied by structurally exotic (structurally high) sandstone probably belonging to the Permian Esplanade Formation. Walk north up a steep gully to the western lip of the colluvial apron (at UTM 0702614E; 4008662N) where a view to the west reveals the Permian (?) sandstone core of a tight anticline developed along the splay fault in gravely mudstone and sandstone of the Miocene red sandstone unit. The axial trace of this anticline strikes ~N50E and is probably more consistent with right-lateral than left-lateral displacement on the Las Vegas Valley shear zone.
The depocenter that received the red sandstone unit north of the Las Vegas Valley shear zone is interpreted to be controlled by fault-parallel folding. The clastic debris shed into it was derived from directly adjacent units to the north and south. Subsequent to deposition, the fold-controlled basin continued to contract in north-south compression as revealed by reverse faulting and steep tilting at Part 1 of this stop and strong folding here. Clearly, the intensity of deformation here is related to the proximity to the Las Vegas Valley shear zone, but controversy exists as to whether north-south shortening strains are restricted to a narrow zone along such faults or are distributed regionally. We will revisit this subject on the last stop. 
Purpose
To view basin-fi ll sediments of the Muddy Creek Formation (ca. 8.5-5.8 Ma) and consider the structural nature of depocenters in which the Muddy Creek in this area accumulated.
Comments
Across the wash from the power line, basalt fl ows at the top of the Callville volcanic sequence (time equivalent of the red sandstone unit) dip ~20° north and are overlain by gently north-dipping sand and pebbly sand. The sand could be part of an eolian sand ramp plastered onto the basalt paleoslope. Walk north up-wash to observe (1) a coarsening upward basin-fi ll sedimentary sequence, (2) clast imbrications indicating south-directed transport, and (3) a reversal in dip direction as a synclinal axis is crossed. These basin-fi ll sediments are interpreted to be captured in a west-widening, east-west-trending depocenter developed by downwarping in the pathway of south-draining paleodrainages. Alternatively, they are simply folded sediments. This is the most accessible of several such "depocenters" of Muddy Creek age in this part of the Frenchman-Overton corridor. They are similar in orientation to the basin that received the red sandstone unit at the previous stop, but are less deformed and are not in close proximity to major faults. This "depocenter," one 3 km to the east, and another 5 km to the southeast, lack normal faults along their east margins and thus have little, if any, relationship to east-west extension. To the south of this locality, upper fl ows of the Callville volcanic sequence are folded on east-west axes into broad open folds. To the southeast, early fl ows of the sequence are interbedded with coarse volcanogenic debris, cut by reverse faults, and capped at two stratigraphic levels by internal angular unconformities, all providing evidence of strong synvolcanic north-south to northeast-southwest shortening. Thus, to the north and south of here, structures suggest protracted north-south shortening in strata immediately older than the Muddy Creek. Deposition of the Muddy Creek in a north-south contractional setting is not anomalous. 
Walk south through the campground onto a graded dirt service road to the fi rst wash bottom to view weakly consolidated roundstone gravel and overlying moderately well sorted sands with sparse suspended pebbles (Fig. 12) . These beds record deposition following the establishment of through-fl owing latest Tertiary or earliest Quaternary drainages precursor to the Colorado River drainage system. The beds here dip ~40° N. We will walk north up the wash to observe similar, and probably equivalent, beds that dip ~30° S, showing that these strata are folded on approximately east-west axes. Additional folds with somewhat lesser limb dips are mapped to the south in similar strata (Anderson, 2003) . Also, Longwell (1936) reported similar structures in river gravels currently beneath the waters of Lake Mead. The style and youthfulness of these folds suggest that contractional strain similar in origin to that which dominates the structural fabric of this part of the Frenchman-Overton corridor is part of the neotectonic regime. Also, rather than being restricted to narrow zones along strike-slip faults such as the Las Vegas Valley shear zone, late Miocene easttrending folds and associated reverse faults and northerly striking strike-slip faults are distributed in a north-south belt at least 15 km long at this longitude (Anderson, 2003) . Whether or not these strains are important to tectonic reconstructions is debatable. If they are added to shortening associated with steep-axis rotations in this part of the Frenchman-Overton corridor, the sum of the shortening could exceed 10 km. To date, these strain elements and others such as the possible southward displacement of the Frenchman Mountain block noted at Stop 1.4 have not been factored into tectonic reconstructions.
End of fi eld trip. 
